Abstract-The apodization function plays an important role in the behavior of the mean dispersion, group delay and significant reduction of sidelobe level in reflection spectrum. On the other hand, the grating length represents as one of the critical parameters in contributing to a high performance fiber Bragg grating compensator. In this paper, we have investigated and compared the performances of various apodization functions in linearly chirped apodized fiber Bragg grating. Six different apodization profiles have been studied including their effects on the performances of the dispersion compensator. Comparison reveals that the sinc profile results best performance for chromatic dispersion compensation. Simulations have been performed for sinc profile with different grating lengths. The simulated results were then analyzed by calculating the reflection spectrum. It is observed that the reflection spectrum becomes constant at a grating length of 10 cm.
I. INTRODUCTION
Dispersion is the time domain spreading or broadening of the transmission signal light pulses as they travel through the fiber. The optical pulse is made of more than one component. Each component travels at slightly difference speed. Therefore different components will arrive at receiver end at different times. This result of the spreading of the output pulse is called chromatic dispersion (CD) [1] . With the rapid increase of information industry in the world, high speed and big capacity communication networks become more and more insistent. But dispersion becomes the major obstacle for up-gradation to this system. Apodized and Linearly Chirped Fibre Bragg gratings (LCFBG) have proved to be an effective solution to compensate the chromatic dispersion of dense high bit-rate optical communication systems [2] . FBGs are analyzed based on the principle of Bragg reflection. When light propagates by periodically alternating regions of higher and lower refractive index, it is partially reflected at each interface between those regions. If the spacing between those regions is such that all the partial reflections add up in phase-when the round trip of the light between the two reflections is an integral number of wavelengths the total reflection can grow to nearly 100%, even if the individual reflections are very small [3] . The availability of mass production techniques added to their inherent advantages, such as polarization insensitivity, fiber compatibility and the fact of being passive and low-loss devices make them very attractive over competing technologies [4] . FBGs are used in optical communication links in different applications such as all-optical routers, selective filters, gain equalizers, sensors and dispersion compensators [5] . The performance of the early FBG compensators was limited by the presence of reflected sidelobes. Use of appropriate apodization minimizes the effect of sidelobes [6] [7] . An experimental work described in details the design and fabrication of a tunable chromatic dispersion equalizer based on a cascade of two quasi-periodic chirped FBGs in [8] . FBG's length and its apodization also play a critical role in controlling CD, and it is demonstrated that tunable dispersion compensation both experimentally and numerically with chirped apodized FBG [9] . As a first step, it is well known that an accurate modeling of the spectral behavior of the dispersion compensating fiber Bragg gratings can improve the efficiency of the design process as well as the quality of the resulting devices.
In this paper, we have demonstrated an accurate selection of the apodization profiles, when operated in reflection. We also perform a simulation of fiber Bragg grating with different grating lengths were analyzed and designed by calculating reflection. We used linear chirping grating period, we have determined the optimum apodization strength range, and we also discussed the influence of the fiber link length of the dispersion compensating grating behavior in order to establish the most suitable apodization profile and grating length.
A. Dispersion Compensation
The most widely used theory of fiber gratings is the coupled-mode theory [2] , [9] , because it is a useful tool to obtain quantitative information about diffraction efficiency and spectral dependence of fiber gratings. To evaluate the performances characteristics of the different apodized profiles, proposed in this paper, we have numerically solved the coupled mode equations using the transfer matrix, which have been well described in the literature [9] . The main spectral functions under the study will be the reflection coefficient ρ, If we denote θ P = phase (ρ), then the delay time τ P (usually given in units of picoseconds) for light reflected off of a grating is
The dispersion D p (usually in ps/nm) is the rate of change of delay time with respect to wavelength λ,
B. Grating Structure
The apodized and linearly chirped FBG structure with a refractive index modulation along the propagation direction of the core is given by [5] .
The equation is defined in the z axis from -L g /2 to L g /2, where L g is the whole length of the fiber Bragg grating.
,where
,where n Δ is the refraction index modulation depth and T(z) is the apodization profile/function. B Λ is reference Bragg grating period at the centre of the structure. The parameter m is the fabrication process penalty as a dc index change. To reflect different wavelength at different time with the FBG, we need to chirp it. We introduce a linear chirp in the grating period by 1 1
,where Λ 1 is the starting phase; M is the linear change of phase and N the number of grating period.
By Applying Geometric Series, we find that the gating length L g as
The parameter that measures the strength of the apodization profile, and consequently the reduction of the effective length, is the apodization parameter a eff . We can define a eff as follows [10] 
C. Apodization Profiles
It is well known that the apodized and linearly chirped Bragg gratings reduced the sidelobe level in the reflectivity response and also the group delay response ripple. However, the different apodization profiles have the different impact; it would be very useful to investigate and to analyze the different functions to find out most significant one for dispersion compensation.
We will only consider the following six apodization profiles. All profiles are symmetric around the centre of the grating and normalized so that T(0)=1.
Tanh:
Hamming:
( )
Gauss:
Cosine:
Sinc:
The parameter α, β, H, G, A, B, X and Y are used to control the apodization sharpness parameter. The optimization process will be developed using the range of variation of these parameters 
III. RESULTS AND DISCUSSIONS
Following the above mathematical formulation, we have plotted the optimization process for dispersion compensation. To design a linearly chirped apodized FBG we vary grating period Λ linearly as shown in previous works [11] [12] . We divided grating length L g into 200 small segments, length of 1 st period is Λ 1 = 1.6 mm, and linearly decrease by a factor of 0.99 mm thus we find that the gating length L g = 10 cm.
Apodization is used to compensate side lobe level in reflection spectrum but amplitude of the reflectivity will also need to consider. The apodization profile that shows a trade-off between reflectivity and maximum suppression of side lobe considered as the best profile. The effect of the apodization profiles on reflection spectra is investigated using six different profiles: tanh, hamming, Gauss, cos, Cauchy and sinc. These are respectively displayed in Figs. 1-6 . We have found that hamming Figure 7 . Tanh, hamming, Gauss, cosine, Cauchy, sinc apodization profiles versus normalized length. though for tanh and Cauchy profile reflectivity is 100%, but sidelobe is very high. For hamming, gauss and cos sidelobe is not that much high but reflectivity is less than 80%. But sinc profile we found more than 90% reflectivity with minimum sidelobe as shown in Fig. 6 . So, sinc profile shows the superior performance with maximized both the reflectivity and reduction of sidelobe level among all profiles.
The effect of the apodization function versus normalized grating length is also considered. The values of the parameters which provide an efficient way to control the characteristics of the functions are chosen such that all the profiles have similar characteristics. An important characteristic of apodization profile a flat region at the grating centre and a constant slope decaying characteristics towards the grating edges. The apodization functions provide these characteristics and they are represented in Fig. 7 . Profile gauss and hamming provides a low decaying slope but with a reduced flat region at the grating's centre. In the case of the tanh function, the flat region is smaller and the slope at the decaying edges increases. cos and Cauchy shows reduced flat region and slope at the decaying edge increases. In the last function, sinc, both the decaying slope and the flat region reach their maximum values.
The greater the apodization parameter a eff is, the tighter or sharper the apodization profile is. So the largest possible value of a eff is preferred. Grating length versus apodization parameter for various apodization profiles have been investigated in Fig. 8 for 110 km of fiber length. We have found grating length L g = 10 cm from equation (6) . From Fig. 8 , for grating length 10 cm we have found that apodization parameter is the smallest (less than 0.5) for hamming and cos profile. For Cauchy and gauss profiles, it is in between 0.5~0.6. Apodization strength is 0.67 for tanh and 0.75 for sinc profiles which is the biggest value of a eff among all profiles.
The reflectivity changes if they are under different grating lengths. As shown in Table I the reflectivity increases with the elevation of gratings length. The fibers grating achieved reflectivity lower than 50% for smaller grating length as shown in Fig. 9-10 . The reflectivity increases with the increase of gratings length as demonstrated in figures. For the grating length 6 cm the reflectivity is 78.99% as shown in Fig. 11 . From the Fig.  12 it is found that for the grating length 8 cm reflectivity is about 91.23%. The fiber grating achieved more than 96% reflection when the grating length is 10 cm as shown in Fig. 13 and maintained this value for the longer length as demonstrates in Fig. 14 , reflectivity increases beyond 99% as we increase grating length up to 15 cm. Fig. 15 indicates the reflectivity change of the FBG dispersion compensator with an increase of grating lengths.
From Table I and Fig. 15 we could derive to the decision that we can use grating length 10 cm for dispersion compensating fiber Bragg grating as this length we get reflectivity is about 96.5%. Beyond this grating length though we get higher reflectivity but we need to lengthen grating length. But there is a question of phase mask to fabricate the FBG. Longer the grating length higher the cost will be to fabricate it. So, it is better to use grating length of 10 cm, as the phase mask of length of 10 cm is available in market. By using Forward Finite Divided Difference formula we have calculated the rate of change of delay
(in ps/nm) numerically for six different apodization profiles: tanh, hamming, gauss, cos, Cauchy and sinc. In the figure cos is not shown as it shows same plot as Cauchy. We found that d p changes linearly for all reflected wavelength. Fig. 16 shows the plot of dispersion coefficient versus wavelength for various apodization functions.
Here we found that sinc shows superior performance than all other profile.
In Fig. 17 , we have compared our simulation results of Gauss and sinc functions with the existing published data of Fig. 2 in [13] for Gauss function. From the graph, it is observed that for grating length of 10 cm, from the works in [13] , the apodization parameter value obtained is 0.7, but from our work, the apodization parameter values obtained are 0.75 and 0.58 respectively for the sinc and Gauss functions. Therefore, we have proposed that sinc function shows superior performance at a grating length of 10 cm.
IV. CONCLUSIONS
In this paper, we have evaluated the performance of different apodization profiles of linearly chirped fiber Bragg gratings (LCFBG) for the dispersion compensation. We have considered six different apodization profiles: tanh, hamming, Gauss, cos, Cauchy and sinc. In this study, the effect of the apodization profiles on reflection spectra is explored. It is demonstrated that the apodization profile is a key parameter for improving the spectral response which ultimately smoothen the compensated dispersion in an optical transmission system. The analysis shows that an apodization profile 'sinc' results overall superior performance in minimized side lobe and maximized reflectivity. This study also investigated the signal characteristics of FBG with various grating lengths using MATLAB simulation. We conducted quantitative analyses on the reflectivity elevation with the increases of grating length. The reflectivity increased with the elevation of grating length in which it achieves more than 96% in reflection at grating length 10 cm. Besides, from the comparison with other author works, it has been confirmed that the sinc function is better than the other functions at grating length 10 cm. The findings of this work will help to design more efficient and effective LCFBG based dispersion compensator. 
